From Ggeomorphological mapping from the new LiDAR-derived digital elevation model for 18
Finland by 100-250 km (Fig. 1) . Almost 90% of its area is shallower than 100 m water depth. aAlmost all of our understanding in all of these cases, and the basis for debate over glacial 6 history and dynamics in the Gulf of Bothnia, is inferred indirectly from peripheral terrestrial 7 evidence. Records from the Gulf itself are extremely limited. Large scale models of 8
Fennoscandian Ice Sheet dynamics have been based almost entirely on assumed correlations 9 between terrestrial data from either side of this large tract of the ice sheet bed. 10
11
Here we exploit two complementary datasets: the new LiDAR-derived, 2 m grid cell digital 12 elevation model for Sweden, and a high-resolution (5 m grid cell) multibeam bathymetry dataset 13 from the Gulf of Bothnia (Fig. 1) . Each of these datasets has the potential to revolutionise our 14 understanding of sectors of the Fennoscandian Ice Sheet, and of Scandinavian geomorphology. 
LiDAR and multibeam: complementary methods for glacial geomorphology 23
Whilst mapping of glacial landforms and landscapes from remotely sensed data has long been a 24 part of palaeo-glaciology (e.g. Prest et al 1968; Punkari 1980 Punkari , 1982 Boulton & Clark 1990 ; 25 Kleman 1992; Hättestrand 1998), the development of techniques and technologies for gathering 26 high resolution and high accuracy digital elevation data has arguably revolutionised the field. 27
Recent years have witnessed the widespread and systematic collection, often under national 28 survey schemes, of airborne radar and LiDAR data for the production of extremely high 29 resolution (decimetre-scale) terrestrial digital surface models. The form of the land surface is 30 being captured over large areas with unprecedented clarity, granting new perspectives over 31 hitherto 'known' glacial landscapes and permitting highly detailed, systematic and large area 32 between marine and terrestrial geomorphic assemblages, which are both contrasting and 9 complementary, has the potential to yield a greater understanding of the dynamics and controls 10 upon ice sheet systems in these two domains, an approach thus far under-utilised. 11
12
Use of high resolution LiDAR digital terrain models in the terrestrial domain and multibeam 13 bathymetry models in the marine are now, independently, at the forefront of palaeo-glaciological 14 research in their respective sectors of the ice sheet. Whilst research is often still divided by 15 traditional working groups, the principles of the technologies for building digital terrain models 16 either above or below the sea level are very similar, and resulting datasets highly 17 complementary. Both techniques emit a pulse of energy (in light or sound frequencies) and 18 'listen' for its echo, reflected off the target surface. The two-way travel time for the pulse and its 19 echo is a function of distance, trajectory and wave velocity through the medium of travel (e.g. 20 sound velocity through water). . LiDAR is based on the emission of light energy (ultraviolet to 21 near infrared) through a laser, spread across a swath using a rotating mirror. Multibeam echo-22 sounding uses a much lower frequency pulse in the sonar range of the spectrum (10s-100s kHz). 23
An array of transducers generate a swath of beams emitted in a single 'ping' of sound. For both 24 techniques, the two-way travel time between an emitted pulse and its echo is a function of its 25 trajectory to/from the target surface, and is converted to elevation (depth) based on the velocity 26 of the pulse wave (e.g. sound velocity through water). A point cloud of returned measurements 27 is Depth (distance) conversions for each individual measurement are gridded to represent the 28 target surface. Using these two complementary techniques, a single geomorphic system which 29 crosses the present-day coastline can be investigated with directly comparable results (e.g. (Fig. 1B) . Each dataset independently reveals a snapshot of fast 4 flowing ice attributed to the last glaciation. In combination, we identify a continuous ice stream 5 system funnelled SW and S-wards through the Bothnian Sea with an onset tributary on the 6 Swedish Ångermanland/Västerbotten Coast. 7 8 3. Northern Bothnian Sea: datasets and methods 9
The new LiDAR-based Swedish national elevation dataset forms the basis of our terrestrial work, 10 from Örnsköldsvik to Umeå on the Swedish Bothnian coast (Fig. 1) . The data presently cover 11 about 90% of Sweden, and are gridded at 2 m with a stated accuracy of 40 cm in the horizontal 12 plane and a vertical accuracy of 10 cm (Lantmäteriet, 2014). In the Gulf of Bothnia, a large 13 multibeam dataset (~20% of the Gulf covered) has been collected in recent years for the 14 Swedish Maritime Administration., , a portion of which is held at the Geological Survey of 15
Sweden. While analysis of the full dataset is the subject of ongoing work, we report here on aA 16 4500 km 2 sector of this dataset which lies in close proximity to the coast, immediately offshore, 17
and to the south and east of our terrestrial area of interest on the Västerbotten/Ångermanland 18 coast (Fig. 1) are largely similar to those adopted offshore. Landforms identified and mapped in our study 31 areas include glacial lineations (drumlins, crag and tails, mega-scale glacial lineations), ribbed 32 moraine, meltwater channels, eskers, moraines and crevasse squeeze ridges. Mapping of 33 morphological crestlines rather than break-of-slope was the dominant strategy to time-34 efficiently yield adequate palaeo-glaciological information from (quasi-)linear features; ribbed 35 moraine and larger moraines were mapped by break-of-slope. A all discernible glacial landforms 36 (oblique) looking instruments, which record a swath of data but do not measure seafloor depth 9 (e.g. pulse travel time), rather the strength of the return signal is recorded. Compositional 10 differences in seafloor targets are highlighted, which may relate to geomorphic forms. All glacial 11 lineations interpreted from the available coverage of sidescan imagery were recorded. 12 13
Landform analysis and interpretations 14
Whilst all glacial landforms from subglacial, meltwater and ice-marginal domains were mapped 15 from our topographic datasets, we focus here on the extensive assemblages of glacial lineations 16 recorded throughout our datasets. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 LiDAR-based mapping is a tributary to an offshore ice stream in the northern Bothnian Sea 6 which flows south and south-westward through the Gulf. The two sets are thus linked in a 7 continuous palaeo-ice flowline. This hypothesis requires that the onshore tributary bends 8 towards the south and southwest when it is captured in the offshore corridor; the alternative 9 possibility would be that the terrestrial and marine flowsets belong to two separate flow events 10 of contrasting orientation. We are missing adequate elevation data from a nearshore zone to 11 provide a seamless link in comparable data, but instead refer to sidescan sonar datasets 12 collected by the Geological Survey of Sweden to test our hypothesis. Lineations mapped from 13 sidescan images are shown in Fig. 4 , and display a progressive shift in landform orientations 14 between the two mapping zones. Although the sidescan images do not provide complete spatial 15 coverage, we argue that these dataSidescan sonar images which lielying between our LiDAR and 16 multibeam datasets clearly reveal a continuous suite of glacial lineations which link our two 17 earlier mapped sets (Fig. 4) . We are therefore confident in reconstructing a continuous palaeo- 
Discussion and Conclusions 22

An upper Bothnian palaeo-ice stream 23
We reconstruct a fast-flowing ice stream in the upper Bothnian Sea, sourced by at least one 24 tributary on land on the present-day Västerbotten coast of northern Sweden ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y stream was rather narrow: about 40 km. It likely did not occupy the full breadth of the present-1 day basin, but rather flowed along the western coast of the Gulf of Bothnia, feeding into the 2 depression of Härnösandsdjupet. We may infer from this that the large-scale topography of the 3 basins had some role in directing the path of ice flow, although it was likely not an overriding 4 control as the ice stream is directed south from Härnösandsdjupet, and is apparently not 5 captured by the eastern trough which follows the axis of the Bothnian Sea. At the time our 6 identified ice stream was operating, significant flow across Kvarken (the shallows between the 7 Bothnian Bay and Sea) would be required to steer the ice flow coming off the 8 Ångermanland/Västerbotten coast from its terrestrial SSE trajectory abruptly towards the SW. Bay or Finnish Lappland, with significant flow across or convergence around Kvarken. We also 22 suggest that at the time our identified ice stream was operating, significant flow across Kvarken 23 (the shallows between the Bothnian Bay and Sea) would be required to steer the ice flow coming 24 off the Ångermanland/Västerbotten coast from its terrestrial SSE trajectory towards the SW. 25
Secondly, the narrow flow corridor interpreted here could correspond to a sector of a broader 26
Baltic Sea lobe (Punkari, 1980 (Punkari, , 1995 . This would imply that the broad lobes which splayed 27 across south-west Finland possessed internally spatially variable dynamics: they did not behave 28 uniformly across their span. Third and fFinally, our data raise the possibility of a newly found 29 component of late-stage deglaciation, which has not hitherto been widely recognised. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to find no strong trace of this configuration in the offshore sectors, if they were the latest event 6
to affect the Gulf. Furthermore, flow recorded by our lineation sets appears to terminate in, or is 7
at least overprinted at its distal end by crevasse squeeze ridges (Fig. 6A) , which have a criss-8 crossing form broadly orthogonal to the underlying lineations. These low amplitude and rather 9 subtle landforms are widely taken to indicate the cessation of a rapid advance, followed by 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 can demonstrate that these landforms (Fig. 2D) are subglacial lineations of extremely high 6 elongation, corresponding primarily to a palaeo-ice flow trajectory from the NE. 7 8 These earlier observations and those presented herein collectively indicate convergence of ice 9 around the head of the Bothnian Sea into the main basin. The absence of widespread cross-10 cutting, overprinted assemblages, and the association of the fast-flow lineations with landforms 11 suggestive of rapid advance and collapse are consistent with a model of a late-stage, short-lived 12 ice streaming event. It is difficult to assess whether this relatively narrow ice stream path could 13 represent a corridor within a broader Baltic Sea lobe, and that our newly reported assemblages 14 could in fact adhere to the classical cross-Gulf lobe configuration at a broader, regional scale. 15
Much more extensive onshore and offshore high resolution landform assemblage analysis will be 16 required to address this question more rigorously, and it remains a possibility. However, we 17 tentatively speculate that the ice stream we have identified on the northern Swedish coast and would have been marine-(or lake-) terminating with a calving margin. A small, localised patch of 21 small scale We also note very small scale drumlins/flutes, oriented SE and confined to the far 22 west of our study area, cross-cutting the offshore mega-scale glacial lineations (Fig. 6B) . . These 23 smaller features, oriented SE, overprint the latter but have only a limited extent across our 24 survey area, confined to the far west. Their small size and superimposed position suggest they 25 are the most recent landform imprints. Whilst we cannot address the question of whether our 26 ice stream path represents a narrow corridor within a broader Baltic Sea lobe without much 27 more extensive onshore and offshore high resolution landform assemblage analysis, we 28 tentatively speculate that the ice stream we have identified on the northern Swedish coast and 29
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